Abstract The thermal element of fever has been found to be beneficial in models of infectious disease. The contributions of fever-range temperatures to the efficacy of the adaptive immune response have only begun to be delineated. There is accumulating evidence that fever-range thermal stress bolsters primary immune surveillance of lymph nodes and Peyer patches by augmenting lymphocyte extravasation across specialized vessels termed high endothelial venules. Molecular mechanisms have recently come to light by which the thermal component of fever alone may promote lymphocyte trafficking, and thereby the probability of mounting a defense against microbial infection. Acquired knowledge of the molecular changes associated with thermal stress may allow for the development of novel therapies for a variety of disease processes.
temperatures are artificially increased to the range of natural fever [3, 7, 8] . However, fever may be detrimental to the severely ill who cannot afford the increased metabolic demands [7, 9, 10] . Given this paradigm, fever may be viewed as a beneficial adaptive response that has persisted over millions of years. The role of the thermal component of fever in regulating the immune system has only begun to be elucidated. The following review will detail the potential contributions of the thermal element of fever to primary immune surveillance.
Fever and hyperthermia in the context of disease
Before discussing temperature and its effect on the immune system, it is necessary to distinguish between the terms fever and hyperthermia. Fever is defined as a state of elevated core temperature as a defensive response of a host to pathogenic stimuli. In fever, elevation of the set point of body temperature increases core temperature via thermoeffectors such as prostaglandins or cytokines [11] . This response is accompanied by a complex interplay of cytokine networks and hemodynamic parameters such as vasodilatation and blood flow. Elevations in body temperature not associated with a change in the set point or thermoeffectors is called hyperthermia. Hyperthermia can be induced by increasing the heat load and/or inactivating heat dissipation by a variety of methods [11] . Fever is a complex state that presents difficulty in dissecting the biological changes associated with its thermal component. Given this complexity, a reductionist approach has been taken in a number of studies to investigate the biological effects of the thermal component of fever [7, 12] . Thus, experimentally induced hyperthermia differs from fever generation in organisms and avoids any confounding variables associated with natural fever such as endotoxemia, inflammatory cytokine elaboration, and/or neurohormonal axis changes. Accordingly, induced hyperthermia can be a useful tool to dissect the role of heat as one aspect of fever and its influence upon the immune system, specifically immune surveillance.
Immune surveillance by T and B lymphocytes of the adaptive immune system allows for a range of effector responses as well as the generation of memory to pathogenic stimuli. Primary immune surveillance refers to the ability of antigen-presenting cells and naïve lymphocytes to colocalize in the unique environment of peripheral lymph nodes (PLNs), which function as the first line of defense against microbial invaders entering the skin [13] . For the purposes of this review, the gut interface consisting of Peyer patches (PPs) and mesenteric lymph nodes (MLNs) as sentinels of pathogens will also be considered as components of primary immune surveillance. Dendritic cells that function as professional antigen-presenting cells enter lymph nodes via afferent lymphatics. Concurrently, naïve T cells continually enter through high endothelial venules (HEVs) of lymph nodes in an attempt to enhance the incredibly small chance that a particular cognate antigen will be encountered by numerically rare T cells that express an appropriate T cell receptor [14] . Upon presentation of an appropriate antigen, antigen-specific naïve T cells can undergo activation, expansion, and differentiation into memory or effector phenotypes [13] . Given the grossly abundant number of potential pathogens in the external environment, the extensive recirculation of a diverse but finite number of naïve lymphocytes into the lymph nodes has evolved into a highly efficient and necessary component of the adaptive immune response. Notably, the mechanisms of lymphocyte entry into lymph nodes via HEVs are pivotal for the efficiency of this system in both normothermic and hyperthermic states.
Process of lymphocyte entry into lymph nodes
Lymphocyte entry into lymph nodes is a highly regulated process orchestrated by adhesion molecules on both lymphocytes and vascular endothelium. The high shear force exerted on lymphocytes traveling through the bloodstream makes their arrest and eventual extravasation into tissues a truly remarkable process. The multistep scheme of lymphocyte trafficking involves four consecutive interdependent steps consisting of tethering/rolling, chemokine activation, firm adhesion, and transendothelial migration [14, 15] . The ability of lymphocytes to roll along the endothelium and slow their velocity is mediated by the presence of selectinhoming receptors. In the case of blood-borne lymphocytes entering PLNs via HEVs, lymphocyte expression of Lselectin is required for initial tethering and rolling. L-selectin present on the cell surface of lymphocytes interacts with the glycoprotein complex known as PLN addressin (PNAd) displayed on the lumenal border of HEVs [16] . In the case of MLNs or PPs of the gut, α4β7 integrin expressed on lymphocytes interacts with mucosal addressin cell adhesion molecule-1 (MAdCAM-1) to generate rolling.
Transient rolling interactions allow the lymphocyte to "sample" the endothelium for factors that can promote firm arrest. Activation of lymphocytes to induce firm arrest is mediated by tissue-specific chemokines displayed on endothelial surfaces [17] . In mice, HEVs have the ability to produce and display CCL21, the chemokine primarily associated with naïve lymphocyte activation [18, 19] . In a truly restricted fashion, CCL21 has the ability to only interact with its specific receptor namely, CCR7, which is uniformly found on naïve and central memory T cells. Engagement of CCR7 leads to a rapid change in the affinity and/or avidity of lymphocyte integrins for endothelial receptors that mediate firm adhesion. The β2-integrin, lymphocyte function-associated antigen-1 (LFA-1), on lymphocytes binds strongly with the intercellular adhesion molecule 1 or 2 (ICAM-1, ICAM-2) endothelial receptors expressed on HEVs. Upon integrin binding and firm arrest of the lymphocyte, extravasation into the lymphoid tissue occurs, which is also thought to involve ICAM-1 [20] .
The elegant cascade of aforementioned events that lead to colocalization of lymphocytes and antigen-presenting cells in the compartmentalized environment of the lymph node is crucial for a successful adaptive immune response. Once in the lymph node, T and B cells migrate to their respective zones and interactions between the two populations are believed to be chemokine mediated. T cell activation by antigen-presenting cells that enter via afferent lymphatics subsequently occurs with the generation of a potent T and B cell response.
Enhanced lymphocyte-endothelial interactions with hyperthermia
As a nontoxic treatment, whole-body hyperthermia (WBH) maintains an elevation of core body temperature by isolating an organism in a contained, temperaturecontrolled environment, thereby mimicking the thermal component of fever [12, 21, 22] . As previously stated, elevated core body temperatures in the febrile range have been associated with improved survival in homeotherms and poikilotherms; however, alterations in the immune system during thermal stress were largely undefined. Feverrange thermal stress has previously been shown to increase lymphocyte priming, proliferation, and cytotoxicity [2, 21, 23] . WBH also shortens the time to generate an immune response by stimulating the migration of skin-derived dendritic cells (i.e., Langerhans cells) to lymph nodes where they colocalize with arriving T lymphocytes [21, 24] . Recently, lymphocyte recruitment to lymph nodes and PPs, a key component of primary immune surveillance, has been demonstrated to improve with the application of feverrange WBH [25, 26] .
Augmentation of primary immune surveillance by feverrange thermal stress is mediated by changes found both in the lymphocyte as well as the endothelium (Fig. 1) . In vivo experiments in both mice and humans demonstrated a redistribution of lymphocytes after exposure to 6 h of WBH in the febrile range (39.5±0.5°C) with a transient decrease in the peripheral blood pool [26, 27] . Further utilizing the murine model, lymphocytes expressing either L-selectin or α4β7 integrin decreased in the peripheral blood and concomitantly increased in PLNs and PPs. To determine if this redistribution was causally related to improved interactions with HEVs, splenocytes taken from mice receiving WBH were examined in adhesion assays utilizing cryosections of lymphoid tissue containing HEVs, i.e., StamperWoodruff assay [28] . A significant increase was noted in the ability of splenocytes derived from WBH-treated animals to adhere to HEVs in frozen sections compared to splenocytes from normothermic control mice.
The improved adhesion noted in PLN and PP HEVs was due to L-selectin/PNAd and α4β7/MAdCAM-1-mediated primary tethering and rolling interactions, respectively, which could be abrogated with the use of adhesionblocking antibodies [26] . It is interesting to note that the improved interactions were not due to a change in the surface density of either L-selectin or α4β7 integrin, but rather an enhanced affinity and/or avidity, suggestive of structural changes of these molecules [29] [30] [31] . These in vitro findings were further supported by in vivo lymphocyte homing studies. Hyperthermia treatment of L-selectin or α4β7 integrin-expressing lymphocytes in culture, before adoptive transfer into mice, yielded an approximate twofold increase in adoptively transferred cells found in PLNs or PPs, respectively [26, 29] . Notably, thermal treatment did not override the intrinsic specificity of homing molecules as evidenced by the restricted entry of α4β7 integrin + /Lselectin − cells only in PPs and not PLNs [26] .
Fever-range thermal stress has also been shown to act independently upon HEVs to increase their adhesive properties as observed in multiple murine strains [25, 26] . In vitro Stamper-Woodruff assays using PLNs or PPs of mice treated with WBH (39.5±0.5°C for 6 h) demonstrated improved ability of HEVs to support lymphocyte adhesion compared to normothermic controls. Importantly, increased adhesion was only noted in the plump, near-cuboidal, Fig. 1 Effects of fever-range hyperthermia on lymphocyte-endothelial adhesion. A, Hyperthermia increases the affinity of L-selectin expressed on lymphocytes, allowing for greater interaction with PNAd and improved tethering/rolling. B, Hyperthermia increases the display of CCL21 on the HEV lumenal surface to augment activation of lymphocytes via CCR7 for eventual arrest. C, ICAM-1 expression on HEVs is upregulated by hyperthermia to promote firm adhesion and subsequent extravasation of LFA-1-expressing lymphocytes differentiated HEVs of LNs and PPs but not in the squamous endothelium of nonlymphoid tissues [26] . In vivo homing studies also demonstrated a twofold increase in trafficking of normothermic lymphocytes to PLNs, PPs, and MLNs in mice receiving WBH. Paralleling the results of frozen section adherence assays, heat effects on homing were site specific, supported by the lack of an increase in homing to sites with normal squamous endothelial vasculature such as the liver or pancreas [25, 26, 32] .
To further pinpoint the specific adhesive mechanisms that occur in cells lining HEVs, intravital microscopy studies were performed. Interactions between fluorescenttagged lymphocytes and vascular substrates in PLNs of living mice demonstrated a functional dichotomy between the effects of thermal stress on higher-order HEVs and lower-order venules [25] . Although the rolling interactions did not manifest any change, the number of lymphocytes achieving firm arrest increased with WBH and was restricted to the higher-order HEVs [25] . Lymphocyte aggregates were not detected in vivo, consistent with prior observations that heat treatment alone does not induce homotypic adhesion in lymphocytes in vitro [31] . To minimize the known nonspecific effects of thermal stress on hemodynamic parameters such as vasodilatation and increased blood flow [25, 26, 32] , which could have an impact on lymphocyte-endothelial interactions during the observation period, heated mice were allowed to revert to normothermal core temperature before adoptive transfer of fluorescent-labeled lymphocytes. Given that the velocity of noninteracting lymphocytes passing through the venular tree was similar between normothermic and hyperthermia-pretreated groups, improved lymphocyteendothelial interactions were likely due to molecular changes in the endothelium and not from nonspecific hemodynamic thermal effects [25] . Taken together, evidence that a greater number of lymphocytes can recirculate through lymphoid organs over a given period of time with hyperthermia suggests that increased temperatures associated with fever directly benefit the process of primary immune surveillance.
A large range of molecules involved in the multistep trafficking cascade was evaluated to determine the causative agents of improved adhesion in HEVs [25] . Intravascular staining demonstrated ICAM-1 and CCL21 as the only components found to be substantially increased in terms of HEV lumenal expression. This increased expression could be quantified by image analysis of immunofluorescence, which indicated a ∼2-and ∼1.5-fold increase over baseline immunofluorescence staining for ICAM-1 (Fig. 2) and CCL21, respectively, on near-cuboidal HEVs of PLNs and PPs [25] . In contrast, intravascular staining for other endothelial molecules such as ICAM-2 did not increase with heat arguing against a non-specific hemodynamic effect on antibody delivery during staining procedures. Consistent with observations in homing assays and intravital microscopy studies, increased ICAM-1 and CCL21 staining was noted only in HEVs during WBH and not in normal squamous vascular endothelium of extralymphoid organs [25] . Upregulated CCL21 expression during WBH is functionally relevant to the improved trafficking of lymphocytes, as homing was abrogated by treating lymphocytes with pertussis toxin, a general inhibitor of chemokine receptor function [25] . Desensitization of CCR7 by ex vivo exposure of lymphocytes to high concentrations of CCL21 before adoptive transfer as well as in vivo antibody blockade of CCL21 similarly abolished the improved homing associated with WBH. Heat-inducible ICAM-1 was also demonstrated to be crucial for the observed increases in lymphocyte homing to lymph nodes [25] through the use of either ICAM-1 knockout mice or blocking antibodies to ICAM-1 in vivo.
Fever-range hyperthermia can be viewed as influencing lymphocytes early in the adhesion cascade (tethering/ rolling) as well as the endothelium in later steps (chemokine activation, firm adhesion, and transendothelial migration; Fig. 1 ). These mechanisms substantially increase the probability of antigen-specific T cells encountering the appropriate antigen-presenting cell in lymphoid organs. In a system where approximately one in four lymphocytes extravasate after entering HEVs under steady-state con- Fig. 2 Fever-range hyperthermia enhances the intravascular expression of ICAM-1 on PNAd + HEVs in peripheral lymph nodes. Intravascular ICAM-1 was detected by intravenous injection of ICAM-1-specific primary antibody followed by immunofluorescence staining. Peripheral lymph node cryosections were counterstained with MECA-79 antibody to demark the position of PNAd + near-cuboidal HEVs. The intravascular density of ICAM-1 was substantially upregulated in HEVs of mice receiving whole-body hyperthermia (WBH) compared to normothermal (NT) controls. PNAd expression was not affected by exposure to WBH ditions [14] , the approximately twofold increase observed with fever-range thermal stress represents a profound enhancement of primary immune surveillance. An interesting question that remains to be addressed is whether feverrange temperatures also increase the rate of transit of lymphocytes out of the lymph nodes via the efferent lymphatics [14] .
Elucidation of an IL-6 trans-signaling mechanism
The mediator of thermal effects upon lymphocytes and HEVs was revealed in a series of complementary experiments. In vitro studies involving thermally treated lymphocytes implied that the hypothalamic responses associated with fever were not necessary for the changes seen with hyperthermia [26, 29, 30, 33] . While thermal effects on lymphocyte adhesion were shown to be mediated by soluble factors in conditioned medium, no increase in concentrations of fever-associated cytokines such as interleukin (IL) 1α, IL-1β, IL-6, IL-8, or tumor necrosis factor (TNF) were detectable. Additionally, IL-2, IL-3, IL-4, IL-10, IL-11, IL-12, IL-13, IL-15, interferon (IFN) γ, leukemia inhibitory factor, granulocyte monocyte colony-stimulating factor, transforming growth factor 1, and Flt3 were undetectable in this culture medium. These data suggested that thermal stress likely improves the bioactivity of soluble factors locally and not their overall concentrations. To determine the relevant cytokines, antibody blockade experiments against IL-8, IFNα, IFNγ, TNF, IL-1β, and IL-6 were performed. Only blockade of IL-6 was capable of neutralizing the effects of thermal stress on adhesion in lymphocytes treated either in vitro or in vivo [33] .
IL-6 signaling can be triggered by two separate pathways [34] . In classical signaling, IL-6 influences cellular responses by binding to a specific IL-6 cell surface receptor subunit (IL-6Rα). In turn, the IL-6Rα/IL-6 complex initiates homodimerization of gp130, an associated molecule of the IL-6 cell surface receptor. The gp130 complex is then capable of transducing the original IL-6 signal intracellularly [35] . An alternate signaling pathway for IL-6 utilizes a soluble form of the IL-6 receptor (sIL-6Rα). When bound to IL-6, the sIL-6Rα can act to dimerize membrane-anchored gp130 leading to signal transduction. It is interesting to note that cells that do not express the membrane form of the IL-6Rα but express gp130 are rendered responsive to the IL-6/sIL-6Rα complex. This mode of action has been termed IL-6 trans-signaling [35] . Accordingly, soluble forms of gp130 are capable of competitively inhibiting IL-6 trans-signaling by binding to sIL-6Rα/IL-6 complexes, thereby eliminating their interaction with membrane-bound gp130 [35] .
In the models of hyperthermia-treated lymphocytes, the addition of antibodies against IL-6, the IL-6 receptor (which can recognize membrane or soluble forms), or gp130 similarly inhibited the increased adhesion associated with heat [33] . Moreover, blockade of IL-6 trans-signaling by the receptor antagonist, recombinant soluble gp130, prevented augmented heat-induced adhesion both in vitro and in vivo [33] . The role of IL-6 trans-signaling as the mediator of hyperthermia-induced lymphocyte changes was supported by the ability of recombinant soluble gp130 to inhibit the proadhesive effects of exogenously added IL-6 to lymphocyte cultures. Additionally, the level of membrane bound IL-6Rα expression on treated lymphocytes was not detectable by flow cytometry [33] . Collectively, these lines of investigation support an IL-6 trans-signaling mechanism as being the prime mediator of enhanced lymphocyte adhesion during thermal stress.
Remarkably, a nonredundant requirement for IL-6 transsignaling was also demonstrated for the thermal induction of ICAM-1 on HEVs. By utilizing IL-6 knockout mice or administering IL-6 blocking antibody before WBH treatment of wild-type mice, the typical upregulation of ICAM-1 expression on HEVs was eliminated [25] . To define the IL-6 pathway involved, recombinant soluble gp130 was injected into mice before WBH to selectively block IL-6 trans-signaling but not the classical pathway [25] . This treatment prevented ICAM-1 upregulation during WBH suggesting that IL-6 trans-signaling was the common mediator of thermal effects seen on both HEVs and lymphocytes. The increased expression of CCL21 seen with WBH, however, was not associated with an IL-6-dependent pathway and remains to be elucidated [25] .
Clinical implications of thermal therapy dynamics
The ability of fever-range WBH to selectively alter the adhesive properties of lymphocytes and endothelium has several potential clinical implications. The thermal component of fever appears beneficial to primary immune surveillance and may be hampered by the use of antipyretics. Subsequently, the judicious use of antipyretics is increasingly advocated [36] . Furthermore, the circulation of lymphocytes through lymph nodes is not only important during infection but may also be necessary for immune responses to cancer [37, 38] . Improved lymphocyte recirculation across HEVs by WBH treatment of cancer patients may allow for a more potent antitumor immune response based upon recent recognition that lymphoid organs are key sites for promoting antitumor immunity [39] .
Another critical site of lymphocyte entry for elaboration of antitumor immunity is within the tumor microenvironment itself [40, 41] . Tumor microvasculature in patient and murine models is associated with low basal levels of ICAM-1 expression, which may explain poor T cell infiltration in tumor tissues [32, 40, 42] . Recent studies have identified endogenous IL-6 and the soluble IL-6 receptor in local tumor microenvironments that were responsible for promoting tumor growth [43] . Paradoxically, IL-6 trans-signaling present in the tumor microenvironment may also be an attractive therapeutic target during systemic thermal therapy to inhibit tumor growth through immune-mediated mechanisms. It remains to be determined if hyperthermia can exploit IL-6 and the soluble IL-6 receptor in the tumor microenvironment to improve vascular adhesion similar to that observed in HEVs. In addition to changes in tumor blood flow and oxygenation associated with hyperthermia [44] , improved vascular adhesion may theoretically enhance T lymphocyte infiltration into tumor sites, as has been reported for natural killer lymphocytes [22] . T lymphocyte infiltration is critical to antitumor responses and improved patient survival [45] [46] [47] . Although local hyperthermia in combination with other local intratumoral therapies such as vaccination, ablation, or radiation have potential efficacy by improving lymphocyte infiltration [48] [49] [50] , the role of WBH alone as a modifier of the tumor microenvironment has not been established in the context of improving vascular adhesion. The limited toxicity of WBH in humans has already been borne out in initial clinical trials [27] . The ability to actively increase the delivery of tumor-reactive lymphocytes to the tumor microenvironment in immunotherapy protocols represents a current area of active investigation.
A working knowledge of the molecular mechanisms associated with the dynamic changes seen in lymphocyte trafficking during WBH may also benefit the current understanding of several inflammatory disease models. For example, lymphocyte recruitment to areas of inflammation has been linked to an IL-6 trans-signaling mechanism in autoimmune states such as rheumatoid arthritis and inflammatory bowel disease [34] . It is believed that IL-6 trans-signaling also triggers the transition from innate immunity to acquired immunity by selectively regulating chemokine and adhesion molecule-dependent recruitment of leukocyte subsets to inflamed tissues [51] . Thus, perturbations of this system may be responsible for the maintenance of a chronic inflammatory disease state [51] . Accordingly, directed and specific therapies such as IL-6 blocking antibodies and exogenous soluble gp130 are being evaluated for clinical use in chronic inflammatory disorders [52, 53] .
